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Introduction
Introductions and invasions of alien species (including plants and animais) are a long-recognized problem (Vitousek et al., 1996; Lake and Leishman, 2004) , and our ability to demonstrate statistical patterns of invasion by exotic species has often been seen as a key to the success of future conservation and management projects (Leung et al., 2004) . Specifically, much effort has been directed towards predicting habitat susceptibility to invasion, and forecasting locations at greatest risk of invasions (Céréghino et al., 2005; Holway, 2005) . However, given the extent ofbiological invasions in industrialized countries, our understanding of the determinants of overall patterns of biological invasions may now gain most from consideration of why exotic species are absent from sorne areas, rather than from consideration of the distributions of exotic species.
Fresh waters are the recipient of many exotic species (Moyle and Light, 1996) and the most frequently introduced freshwater organisms worldwide are fishes (Gozlan, 2008; Leprieur et al., 2008) . Streams in particular have little immunity to exotic fishes (Morton, 1997) , typically introduced to enhance recreational fishing and aquaculture, or for culinary and aquarist purposes or even to reduce pest insects (Keith and Allardi, 2001 ) . Certainly due to fishing and/or economie concerns, their negative ecological effects (from the individual to the ecosystem leve!) are weil documented (e.g. Townsend, 2003; Koehn, 2004) , although sorne recent studies argued for negligible effects or even benefits for biodiversity (i.e. Gozlan, 2008) . Fish introductions in rivers are described since the Roman era (BaJon, 1995) , and intensified during the 19th century (Ailardi, 1984; Keith and Allardi, 1997) . Surprisingly, sorne areas are still free of exotic fish (i.e. Sedell et al., 1990 ) and seem to harbor relatively "pristine" conditions, in terms of species assemblage. This situation raises new questions about the factors that prevented, and still prevent, biological invasions in such areas.
In this study, we focussed on the Adour-Garonne stream system (SW France), which drainage basin is subjected to urbanization and extensive agriculture. Assuming that increasing anthropogenic impact increases the chances of successful dispersal and invasion by exotic fishes (Lodge, 1993) , we hypothesized that exotic and native species would differ in their responses to physical ( e.g. elevation, stream order, distance from source, reach slope, air temperature) and land-use (e.g. urbanization, agriculture) variables. We predicted that exotic species richness broadly decreases with elevatian as anthropogenic pressures decline and streams become smaller. Specifically, we sought to produce explicit models which allow us to understand the relationships between the location of sites within the stream system, and the degree to which fish comrnunities have been invaded by exotic species.
2.Method5

Study area and data collection
The Adour-Garonne stream system (south-western France) has a 116 000 km 2 drainage basin. During the last decades, the basin and its rivers have been intensively studied for various ecological aspects; a thorough description of the system was given in Tockner et al. (2009) . We selected 381 sampling sites (Fig. 1 ) ranging from2 to 1800 rn a.s.l., thus representing 221 streams from high mountain, plain, and coastal areas.
Ali sites were sampled once by electrofishing during law-flow periods between 2002 and 2007. Two-pass removal sampling was used whenever possible, by wading in smaller rivers and by boat in the larger ones. Forty eight fish species were found to occur in the Adour-Garonne basin (Table 1 ) , among which 17 were exotic species (according to Allardi, 1997, 2001; Persat and Keith, 1997) . The biological variables assigned to each site for this study were: the occurrence (presence or absence) of exotic species, percentage of exotic species, number of exotic species, and the number of native fish species.
For each site, a Geographie Information System {GIS, Mapinfo professional 7.8) was used to delineate a geographical buffer zone representing a 1 000 rn-radius centered on the site. This size is weil suited to assigna land-caver influence to each site (see also Cornpin and Céréghino, 2007) and falls within that of the "Reach Buffer" sensu Allan (2004) , i.e., a buffer of 100 rn to severa! hundred meters in width on each bank and sorne hundreds of meters to a kilometer in length. Sampling sites were then characterized using six physical variables, and three land-caver variables intended to account for anthropogenic pressure. The physical variables were elevation above sea leve! (a.s.l., rn), slope ('L), stream arder, distance from the source (km), drainage basin area (km 2 ), and maximum air temperature in june (°C, i.e. the mean of maximum temperatures recorded by the French Meteorological Services in early summer during the whole sampling period). The three land-caver variables were percent area within a buffer zone covered by forest (areas occupied by forest and woodlands with native or exotic coniferous and/or deciduous trees; scrub and herbaceous vegetation associations), urban development (industrial, commercial and transport units; artificial and non-agricultural vegetated areas), and agricultural area (arable lands, permanent crops and pasture). Digital land caver information was obtained from the CORINE land-cover database for Europe (CLC, 2000, European Environment Agency http:lf www.eea.europa.euf; see also Cruickshank and Tomlison, 1996) . This database was generated from orthorectified satellite images and provides thematic GIS map layers including up to 44land-cover classes with a mapping scale of 1: 1 00 000. These nine variables were chosen because they characterize the location of sampling sites within the stream system and within the regional landscape mosaic, and they are easy to describe using a GIS. The use of simple variables in a successful final mode! could thus reduce the effort and cost of data collection for water management applications.
Data analyses
To analyze the relationships between environmental variables and occurrence of exotic species, percentage of exotic species, number of exotic species, and the number of native fish species, we used Generalized Linear Modelling, including river basin as a random factor to control for the possible non-independence of sampling points coming from the same basin. When the dependent variable corresponded to count data (number of exotics or number of native species) we used Poisson distributed errors and the log link to fit the models. When the dependent variables corresponded to occurrence data or proportions (presence of exotics or number of exotics out of total number of fish species) we used binomial distributed errors and the logit link to fit the models. Ali analyses were done with the GLIMMIX procedure in SAS 9.2. (SAS Institute 2009). Models were fitted using Laplace approximation which is more accurate than Penalized quasilikelihood (Bolker et al., 2009) , and based on likelihood. Significance of random effect was tested by likelihood ratio test using the covtest statement. Environmental variables were log transformed to fit a normal distribution (elevation, distance, slope and drainage area) or ranked when not normalized by usual transformations (temperature, % urban and % agricultural area); see Conover and Iman (1981) . Stream order and number of native species fitted a normal distribution. As land-use was classified in three exclusive categories (%urban, agricultural and forest areas), a strong colinearity existed between the three variables. For this reason, only two of the categories were included in further analyses (%urban and% agricultural areas), but statistically significant relationships of the same sign for both variables must also be interpreted as a negative relationship for the third one.
Results
Fish were present in ali sampling sites, with exotic species occurring at 129 sites out of 381. The examination of simple occurrence data of exotic fishes on a geographical map (Fig. 1) suggests that most headwater sites are depleted in exotic species compared to those sites located in plain areas. This is particularly true of the Pyrenees Mountains (south of the Adour-Garonne system) and the Massif Central Mountains (east of the system). However, the drainage basin, which is located in the northwestern plain area, is also devoid of exotic species. The variance explained by the exotic species occurrence mode! was 48.6%. The occurrence of exotic species was positively correlated with the number of native species (p = 0.0004; Table 2 ) and negatively correlated with elevation and slope (p < 0.0001 and p = 0.007, respectively). In other words, the likelihood that exotic species are locally absent increased with decreasing numbers of native species and increasing elevation. The proportion of exotic species within local assemblages was negatively correlated with slope and elevation (p = 0.01 and p = 0.002, respectively) and it was positively correlated with temperature, stream order, urbanization and agriculture (p < 0.0001, p = 0.04, p = 0.02 and p = 0.02, respectively ). The proportion of exotic species decreased with elevation, but increased with temperature and anthropogenic factors.
The exotic fish richness mode! explained 38.5% of the total variance in numbers of exotic species. The number of exotic species was influenced both by natural factors and anthropogenic ones. Slope and elevation were negatively correlated with the number of exotic species (p = 0.002 and p = 0.01, respectively; Table 2 ). Temperature was positively correlated with exotic species richness (p < 0.0001 ), as weil as urbanization (p = 0.02). By contrast, landuse variables did not correlate significantly with the number of native species, meaning that topographical zonation overcame the anthropogenic influence. The native fish richness mode! explained 23.6% of the total variance in numbers of native species. Slope and elevation were negatively correlated with the number of native species (p < 0.0001 and p = 0.0003, respectively), whereas temperature and distance from the source were positively correlated with native species richness (p = 0.02 and p < 0.001, respectively; Table 2 ).
Discussion
Throughout the world, environmental policies aiming at preserving the biological diversity of terrestrial and/or aquatic ecosystems heavily rely on action plans for the delineation of zones of ecological interest (which concentrate rare and/or threatened species, or which have patrimonial values -see e.g., the Natura 2000 network of the European Union). Biological invasions often form part of such frameworks through more specifie projects intended to enhance our theoretical knowledge of interactions between native and exotic species (e.g. Cucherousset et al., 2008a) , and/orto propose practical decision tools for managers faced with sets of exotic species that generate local and/or regional nuisance. These policies therefore have an impact on a wide range of people and activities such as water consumers and recreational users, agriculture, industry and business activities. Environmental managers generally ask for explicit schemes such as distribution patterns that allow them to identify areas at greater ecological risk. If threats associated with economy-oriented projects align with zones deprived of exotic species, this could add new impetus to calls for freshwater conservation policies. Among the questions that are posed to the scientific experts, the most common ones are: (1) which areas within a regional system contain exotic species? and (2) which environmental variables explain the presence of exotic species? In the Adour-Garonne stream system (SW France), very few ri vers were not colonized by exotic fish species. However, on a local basis, only 33% of the sampling sites hosted exotic fish species. Paradoxically, the local absence of exotic species in such invaded systems is thus more intriguing than the occurrences.
With a large number of explanatory variables, one may overfit the models so that they perform weil in the context of the dataset used to generate them, but fail to be robust when used elsewhere (Rushton et al., 2004) . The variance explained by our GLMs was about 48% for the exotic species occurrence model, and 38.5% for exotic species richness, although we used a limited number of variables. The variance explained by the native fish and proportion of exotic fish models was lower, but still about 24-25%. The suggested schemes are thus relevant, and should perform weil in other areas. Our results showed that patterns of exotic fish (occurrence, number of species, proportion within assemblage) responded to both land-use and physical variables, whereas native fish responded to the gradient of physical characteristics of streams from headwaters to mou th. The species richness of native fish gradually increased from headwaters to plains as a result of downstream addition of species, suggesting that anthropogenic alterations of the riparian and watershed landscapes did not override geomorphological controls on the distribution of native fish (see Cucherousset et al. (2008b) for a detailed analysis of patterns for native fish in our study system). The likelihood that exotic fish are absent increased with elevation and reach slope, while the proportion of exotic species within assemblages decreased with decreasing urbanization and agriculture. The positive correlation between occurrence of exotic species and native species richness indicated that ali communities were susceptible to invasion regardless of native species richness (see also Moyle and Light, 1996; Gido and Brown, 1999) , and that higher native species richness did not decrease the opportunity for establishment by exotic species (Mack et al., 2000) . The relationship between native species richness and invasion success is intensely debated. Sorne models suggest that species richness should limit the capacity of new species to establish in an area due to the saturation of the available niches (Elton, 1958; Case, 1990; Tilman, 1999; Kennedy et al., 2002) . However, many observational studies suggest the opposite, the richness of native and exotic species being correlated (Gilbert and Lechowicz, 2005; Perelman et al., 2007) or, as in this study, exotics being present in the areas with greater native species richness.
Mountain streams may represent harsh environments which are physically stressful (higher river competence and erosive forces generated through the combination of slope with other variables such as water depth and current velocity, snowmelt floods, etc.), so that a smaller proportion of potential colonizers could become established (Gido and Brown, 1999) . Sorne sites located in the plain, especially in the northwestern area of the watershed, presented very low proportions of exotic fish. However, we assume that these particular plain sites present lower opportunities for fish introduction because of the lower human influence in this sub-system (Tockner et al., 2009 ) (see below), rather than because of fast flowing and fluctuating environments.
Mountain sites are Jess subject to human influence, and have usually not been subjected to high levels of introductions. We found that the proportion of exotic species in the fish assemblage and the local numbers of exotic species were positively correlated with the extent of urbanization. According to our GLM results, this pattern did not result from drops in native species richness with increasing anthropogenic influence, but actually from increases in numbers of exotic species with urban development. Human-impacted landscapes ( characterized here by higher proportions of urban and/or agricultural areas) are more likely to host exotic fish and higher numbers of exotic species (Leprieur et al., 2008) , and this was true for the Adour-Garonne stream system. According to McKinney (2001 ) , human population size is a good predictor of exotic fish species richness. Similar observations were reported for plants (Whitney, 1985) , mammals (Hansen et al., 2005) , and birds (Germaine et al., 1998; Donnelly and Marzluff, 2004 ). Therefore, both literature data and own our study support the conclusion that exotic species associated with humans predictably colonize ecosystems as agricultural and/or urban land cover increases.
In conclusion, whilst exotic species were predictably more likely to be absent from headwater streams subjected to low anthropogenic influence, we demonstrated that the number and proportion of exotic species responded to broad land-cover categories such as "agricultural area" and "urban area", and that the 1000 rn-radius buffer zone adapted from Allan (2004) was appropriate to detect changes in number and proportion of exotic species in a large stream system. Since the challenge of recent applied research is to assess models having the broadest capability of predicting spatial patterns of community organization (including native and exotic species ), we suggest that the combination of simple physical and land-cover variables obtained from thematie GIS map layers should be relevant to identify and to delineate areas of concern in integrated management of biological invasions at watershed levels. Moreover, our study implicitly supports the idea that action plans should be designed at a landscape scale (Ward, 1998) . In light of urban and agricultural development, our ability to detect responses of exotic species to landscape alterations exemplifies a cast-effective technique for assessing areas at greater invasion risk in large stream systems.
